Introduction/Motivation for Research

TE generator
Waste Heat
• >60% of energy produced in U.S dissipated into environment as heat • Thermoelectric (TE) generator: Convert waste heat into electrical power via the Seebeck effect
Interplay of three conflicting parameters:
• Seebeck coefficient S
• Electrical conductivity  
Current Thermoelectric Materials
Non-stoichiometric Na x Co 2 O 4- is so far a champion material in p-type.
(PRB56(1997)R12685)
p-type oxides n-type oxides
Holes generated by oxygen excess Oxygen deficiency results in excess electrons
Good stability in air at high T Stability often poor at high T in air (Oct 01, 2011 -Sept 30, 2014 Overall Goal:
This Project (DE-FE0007272)
Investigate potential materials and processing technology of n-type oxides with high TE performance using combination of the developed material compositions and hierarchical designed microstructures.
Technical Objective:
• Exploit unique crystallographic structure to optimize the thermoelectric properties of oxide materials.
• Tungsten-bronze crystal structure represented by ferroelectric strontium-barium-niobate (Sr x Ba 1-x Nb 2 O 6 ) as a prototype system.
• Develop processing routes to make desired crystalline phases and aniso-tropic porous structure to evaluate the effect of micro-and macro-pores on thermoelectric properties. 
Presentation Outline
FY-1
Bulk Synthesis of SBN(x)
• Need single phase and nano-sized homogeneous powders for fabricating dense textured polycrystalline pellets.
• Conventional solid-state synthesis suffers from issues related to phase purity and efficiency.
Solution Combustion Synthesis (SCS)
A self-sustaining exothermic reaction to form a desired material
• Reactions between metal salts (nitrates) and a suitable fuel (urea) in a homogenous solution
• Sufficient intermixing of metal cations due to the use of liquid precursors.
• Fast reaction times and ability to produce nanopowders with uniform particle size and high phase purity 
XRD XPS
Nb+4
• Increase of  by e-donated back to Nb to preserve electroneutrality.
• For SBN50:
Reduction of SBN in Ar/5%-H 2
• As-sintered SBN samples possess very low 
• Annealing in reducing environment creates oxygen vacancies: 
Which oxygen(s)?
Ba Sr
A2 A1
FY-1,2
Reduced SBN: Sr/Ba XPS Spectra 1000 °C reduction 1000 °C reduction
• Only A2 peaks shift to lower BE for Sr, Ba.
• No shift in A1 peak.
• Suggest which O is removed • Preferential oxygen vacancy formation at 4c site could increase electron density.
• Oxygen in 4c site calculated to have lowest vacancy formation energy* 
Vacancy Formation Enthalpy
• Equilibrium constant (K re ) and electroneutrality condition gives:
Assumptions:
1) Defect state is "frozen" in upon quenching 2) Mobility does not vary significantly among samples at measuring T  h~3.6-3.9eV
Ref.
For BaTiO 3 : h = 5.24 eV at pO 2 at 10 -12 and T Re between 1100 -1300 °C
FY-3
Electrical conductivity ()
Seebeck Coefficient (S) Power factor (P=• S 2 )
Ar/5%-H 2
Findings
(1) Overall TE performance: (N 2 /5%-H 2 red) > (Ar/5%-H 2 red) (2) Around T~600K, sign of  changes from to (3) For T to ~600K (N 2 red),   along with |S| after reduction increases by ~50% due to increases in the free carriers. 
TE Properties of Reduced SBN50
Findings
• Power Factor (•S 2 ) max. at 1000C-red.
• Parallel rise in |S| and  up to ~630 K
• Change in sign of d/dT at higher T
• Loss of nanodomains?
• T B for SBN61 = 620 -650 K* • Appearance of Nb +(2-) as a protocol to ascertain "ideal" reduction conditions. 
Variable range hopping (VRH)
Nearest-neighbor small polaron hopping (SPH)
FY-3
• Adiabatic small polaron hopping:
• Charge carrier density and mobility n = 1.7 × 10 21 cm -3
 e = 0.1 cm 2 /V·s at 400K for N2 reduction
Nearest-neighbor small polaron hopping (SPH)
Why change in sign: d/dT>0 to d/dT<0?
Possibility ( 
Use FE materials with higher Tc to test T B effect.
• Mott insulator-metal transition? 
Conventional Sintering (CS) Spark Plasma Sintering (SPS) Sinter-Forging (SF)
• CS + uniaxial pressure.
• High density.
• 
Overall Summary
• Suitable methods to fabricate and reduce polycrystalline SBN specimens with range of compositions were devises • Fundamental insight was gained into site occupancy and the effect of reduction on local cation environments • TE data was successfully obtained; a change in sign of d/dT was noted and a parallel rise in |S|,  were observed • Thermally activated polaron hopping was shown to be a likely  mechanism in SBN • A degradation in  was noted for SBN after initial testing, and a possible mechanism related to grain boundary passivation from reduction was identified
To finish this project
• Micro-nano composites for optimizing TE properties
• Texturing experiments to exploit SBN anisotropy • Chemical reduction (i.e dopants) to increase the electrical conductivity
